Induction of functional CTLs is one of the major goals for vaccine development and cancer therapy. Inflammatory cytokines are critical for memory CTL generation. Wnt signaling is important for CTL priming and memory formation, but its role in cytokine-driven memory CTL programming is unclear. We found that wnt signaling inhibited IL-12-driven CTL activation and memory programming. This impaired memory CTL programming was attributed to up-regulation of eomes and down-regulation of T-bet. Wnt signaling suppressed the mTOR pathway during CTL activation, which was different to its effects on other cell types. Interestingly, the impaired memory CTL programming by wnt was partially rescued by mTOR inhibitor rapamycin. In conclusion, we found that crosstalk between wnt and the IL-12 signaling inhibits T-bet and mTOR pathways and impairs memory programming which can be recovered in part by rapamycin. In addition, direct inhibition of wnt signaling during CTL activation does not affect CTL memory programming. Therefore, wnt signaling may serve as a new tool for CTL manipulation in autoimmune diseases and immune therapy for certain cancers.
INTRODUCTION
Generation of functional memory is key for potential successful vaccination against many chronic virus infections such as HIV. Naïve CTLs recognize the antigen presented by MHC I and receive costimulation provided by antigen presentation cells such as DCs (Harty and Badovinac, 2008; Kaech et al., 2002; Mescher et al., 2006 ). Yet, a third signalinflammatory cytokines, such as IL-12 and type I IFN -is required for full activation, development of effector functions and cytotoxicity, and establishment of memory for protection against the same or similar pathogens (Curtsinger et al., 2003b; Curtsinger et al., 1999; Curtsinger et al., 2005b; Kolumam et al., 2005; Mescher et al., 2006) . It has been shown that short periods of IL-12 stimulation, together with antigen and costimulation, can program fully functional memory CTLs Rao et al., 2010; Xiao et al., 2009 ). More importantly, this IL-12-driven memory programming can be regulated by the inhibition of mTOR by rapamycin Rao et al., 2010) , which is consistent with reports using pathogen infections (Araki et al., 2009; Pearce et al., 2009 ).
Wnt signaling is involved in embryonic development and homeostatic self-renewal of many tissues (Clevers, 2006) and is critical in T cell development . In the absence of wnt signaling, -catenin in the canonical pathway is continually phosphorylated and degraded by Glycogen synthase kinase 3 (GSK-3) (Clevers, 2006) . Activation of wnt signaling inhibits this process and intact -catenin is released from the GSK3 complex without phosphorylation. -catenin accumulates in the cytoplasm and translocates into the nucleus, forming a complex with two critical transcription factors, T-cell factor 1 (TCF1) and lymphoid enhancer-binding factor 1 (LEF1), which initiates the transcription of responsive genes (Clevers, 2006; Staal et al., 2008) . Recently, wnt was elegantly shown to be important for CTL activation and memory development Willinger et al., 2006; . Deficiency of TCF1 leads to impaired proliferation of CTLs and defects in the secondary memory CTL response (Jeannet et al., 2010a) . Enforced expression of eomes partially rescues the memory lost and while enforced expression of TCF1 with -catenin also improves memory formation and protection against pathogen challenge . Recently, Gattinoni et al reported that wnt signaling activation can program self-renewing multipotent CD8 memory stem cells in vitro (Gattinoni et al., 2009a; Gattinoni et al., 2009b) . However, expression of stable -catenin impairs T cell activation (Driessens et al., 2011) , suggesting GSK3 may work through other pathways in the regulation of memory CTLs (Driessens et al., 2010) . Whether wnt signaling affects inflammatory cytokine-driven memory CTL programming is unknown.
In this report, we found that wnt signaling directly down-regulated CTL activation and subsequent memory programming. Despite up regulation of eomes and down regulation of T-bet, wnt signaling abolished IL-12-driven memory CTL programming. The resulting CTLs were unable to protect against pathogen challenge. The mTOR pathway was inhibited by wnt signaling, which is unlike the effects of wnt in other cell types (Inoki et al., 2006) . However, rapamycin, an inhibitor of mTOR partially rescued impaired memory programming by wnt. Therefore, activation of wnt signaling may be a potential mechanism for immune evasion utilized by many cancers, which generate wnt ligands (Burgess et al., 2011; Chen et al., 2009; Najdi et al., 2011; Reya and Clevers, 2005; Song et al., 2011) . In certain autoimmune diseases, activation of wnt signaling may prove useful for manipulating detrimental CTLs (Faustman and Davis, 2009; Friese and Fugger, 2009; Phillips et al., 2009; Skowera et al., 2008; Tsai et al., 2008; Tsai et al., 2010; Zaccone and Cooke, 2010) .
MATERIALS AND METHODS

Mice, cell lines, and reagents
OT-I mice (a gift from Dr. Mescher, University of Minnesota) that have a transgenic TCR specific for H-2K b and OVA [257] [258] [259] [260] [261] [262] [263] [264] (Hogquist et al., 1994) were crossed with Thy1-congenic B6.PL-Thy1a/Cy (Thy1.1) mice (Jackson ImmunoResearch Laboratories, Bar Harbor ME) and bred to homozygosity. The development of CD8 T cells in all strains appeared normal with respect to numbers, distribution and phenotype (data not shown). Mice were maintained under specific pathogen-free conditions at the University of Maryland, and these studies have been reviewed and approved by the Institutional Animal Care and Use Committee. C57BL/6 mice were purchased from the National Cancer Institute. All directly conjugated fluorescent antibodies were purchased from BD Biosciences, eBioscience or Biolegend. TWS119 and rapamycin were purchased from EMD (Gibbstown, NJ). The wnt signal inhibitor, ICG-100, was purchased from Selleckchem (Houston, TX).
Bacteria
Recombinant Listeria monocytogenes (a gift from Dr. Jameson, University of Minnesota) expressing full-length secreted ovalbumin (LM-OVA) was used for infection at 5 × 10 5 i.v. for re-challenge. The spleens from recipient mice were harvested 3 days after LM-OVA challenge. LM-OVA was cultured using TSB plates for the comparison of protection as in our previous reports Xiao et al., 2009 ).
Naive T cell purification
This was performed as previously reported Xiao et al., 2009) . Briefly, inguinal, axillary, brachial, cervical, and mesenteric lymph nodes (LNs) were harvested from WT OT-I mice, pooled, and disrupted to obtain a single cell suspension. Cells were coated with FITC-labeled antibodies specific for CD4, B220, I-A b , and CD44. Anti-FITC magnetic MicroBeads (Miltenyi Biotech) were then added and the suspension passed through separation columns attached to a MACS magnet. Cells that did not bind were collected, and were >95% CD8 + and <0.5% CD44 hi . Purified naive OT-I cells were sorted to reach purity close to 100%.
Real-time RT-PCR
RNA was isolated (Qiagen RNeasy mini kit) and used to synthesize cDNA (Qiagen QuantiTech Reverse Transcription kit). Quantification was performed on a MyiQ™ SingleColor Real-Time PCR Detection System (Bio-Rad). Primers used were as follows: CD62L 5 left primer, 5 -GCTGGAGTGACACCCTTTTC-3 ; CD62L 3 right primer, 5 -GTTGGGCAAGTTAAGGAGCA-3 ; GAPDH 5 left primer, 5 -TGTCTCCTGCGACTTCAACAGC-3 ; GAPDH 3 right primer, 5 -TGTAGGCCATGAGGTCCACCAC-3 . Details of the real-time PCR conditions used are available upon request.
Adoptive transfer and flow cytometric analysis
In vitro activated OT1 cells were adoptively transferred into normal C57BL/6NCr mice by i.v. (tail vein) injection at 10 6 cells/mouse and OT-I cells were identified as CD8 + Thy1.1 + cells. Blood samples were drawn at indicated times, and the analysis of memory CTLs was based on the spleen and/or blood. Single cell suspensions were prepared, viable cell counts were performed (trypan blue) and the percent of OT-I cells in the sample was determined by flow cytometry. Background for determining OT-I cell numbers was determined by identical staining of cells from normal C57BL/6 mice (no adoptive transfer). Analysis was done using a FACSCalibur™ flow cytometer and CELLQuest™ software (BD Biosciences) to determine the percent and total OT-I cells in the samples. Flowjo software (Tree Star Inc.) was used for data analysis.
Intracellular cytokine staining after in vitro re-challenge
Spleen cells from adoptively transferred mice were incubated at 2 × 10 6 cells/ml in RP-10 with 0.2 µM OVA 257-264 peptide and 1 µl Brefeldin A (Biolegend) for 3.5 hrs at 37°C. Cells were fixed in fixing buffer (Biolegend) for 15 min at 4°C, permeablized in Saponincontaining Perm/Wash buffer (Biolegend) for another 15 min at 4°C, and stained with PEconjugated antibody to IFN for 30 min at 4°C. Cells were then washed once with Perm/ Wash buffer, and once with PBS containing 2% FBS.
Intracellular staining for cell signaling molecules
Spleen cells from adoptively transferred mice were washed twice with cold PBS (4°C), and fixed with 2% paraformaldehyde for 20 min at 37°C. The cells were chilled on ice for 2 min, and washed twice with cold PBS. Permeablization was performed using 90% ice-cold methanol (stored at −20° C) on ice for 30 min. Permeablized cells were washed twice with cold PBS, and blocked for 10 min with 0.5% BSA-PBS at room temperature. Staining with primary and secondary antibodies was carried out for 30 min at 4°C. Cells were washed twice with 0.5% BSA-PBS after each staining.
In vitro stimulation of naïve OT-I T cells
Naïve OT-I.PL T cells were purified as described above and stimulated for a certain time in vitro in flat-bottom microtiter wells coated with antigen (DimerX H-2Kb:Ig fusion protein loaded with OVA 257-264 peptide; BD Pharmingen) and recombinant B7-1/Fc chimeric protein (R&D Systems) as previously described Xiao et al., 2009 ). 3 × 10 5 cells in 1.5 ml Allos media were placed in each well and 2.5U/ml IL-2 was added to all wells (24-well plate). Where indicated, cultures were supplemented with 2U/ml of murine rIL-12 (R&D Systems) or universal type I IFN at 1000 U/ml (PBL Biomedical Laboratories). GSK3 inhibitor TWS119 and rapamycin stock (in DMSO) were diluted with corresponding culture medium as indicated. Cells that received IL-12 in vitro were termed 3 SI OT-I, and cells without IL-12 treatment were termed 2 SI OT-I. Transferred cells were identified by staining with anti-Thy 1.1 and anti-CD8 mAbs.
RESULTS
Wnt signaling inhibits CTL activation
IL-12 is one of the third signal cytokines for CTL activation (Curtsinger et al., 2003b; Curtsinger and Mescher, 2010; Mescher et al., 2006; Xiao et al., 2009) , and it drives efficient memory programming in vitro Rao et al., 2010) . We sought to understand if this function of IL-12 in CTL activation could be affected by wnt signaling. Briefly, sorted naïve OT1 cells were stimulated with plate-bound antigen and B7 plus IL-12 (3 signal-3SI) for 3 days in the presence or absence of wnt signal (Xiao et al., 2009) . Wnt signaling was activated by GSK3 inhibitor TWS119, which was added simultaneously at 5 different concentrations covering a 375-fold range from 0.02 to 7 µM (Gattinoni et al., 2009b) . The division of CTLs was not inhibited by wnt signaling until 2.5 µM and complete inhibition was achieved at 7µM at day 2, although proliferation resumed at day 3 (Fig. 1A) , which is in agreement with a recent report (Gattinoni et al., 2009b) . However, the total expansion compared to the initial input was repressed in a dose-dependent way, and there was essentially no net increase at 7 µM of TWS119 after 3-day stimulation (Fig. 1B) even though CTLs continued to divide (Fig. 1A) . These inhibitory effects of wnt signaling were further indicated by the down regulation of CD25 (IL-2 receptor subunit) by TWS119 at high concentrations (2.5 and 7 µM) (Fig. 1C ). CD69 expression was enhanced (Fig. 1C) , which may suggest delayed activation by wnt signaling. CD44 was significantly downregulated at 7 µM, consistent with the report by Gattinoni et al. (Gattinoni et al., 2009b) . Thus, activation of wnt signaling inhibits IL-12 driven CTL activation through its effects on expansion and possible responsiveness to IL-2.
Wnt signaling suppresses CTL effector function
Next, we asked if wnt signaling influenced the effector function of CTLs. Sorted OT1 cells were stimulated for 3 days before analysis. Interestingly, at low concentrations of GSK3 inhibitor, TWS119, the production of IFN was slightly enhanced, while a further increase in TWS119 concentration reduced IFN production ( Fig. 2A) . This is consistent with a recent report on the negative effects of stabilized -catenin on T cell activation (Driessens et al., 2011) . Granzyme B (GZB), a molecule directly related to the killing function of CTLs (Curtsinger et al., 2003a; Curtsinger et al., 2005a; Curtsinger and Mescher, 2010) , was not affected at low concentrations of TWS119, but was inhibited at high concentrations ( Fig.  2A ) and almost completely abolished at 7 µM. PD1, a receptor of the CD28 family, delivers inhibitory signals during CTL activation (Greenwald et al., 2005; Okazaki and Honjo, 2007; Riley, 2009; Sharpe et al., 2007) . Exhausted CTLs express high amount of PD1, and blockage of PD1 can rescue CTL exhaustion during chronic LCMV infection (Barber et al., 2006; Blackburn et al., 2008) . Despite the inhibitory effects of wnt signaling on CTL activation ( Fig. 2A and B) , the expression of PD1 decreased starting at 0.5 µM TWS119, and it was almost completely abolished at 7 µM (Fig. 2B) . There was no shift in Annexin V staining induced by TWS119 except at 7µM. Annexin V binds to phosphatidylserine of apoptotic cells (Vermes et al., 1995) . From this, it seems that PD1 and Annexin V binding are not related to inhibitory expansion by wnt signaling.
CD62L is required for the migration of naïve CTLs to secondary lymphoid tissue for initial activation (Bevan, 2004; Harty and Badovinac, 2008; Jameson and Masopust, 2009 ). Wnt signaling up-regulated CD62L expression on the surface of CTLs (Fig. 2B) , consistent with the report by Gattinoni et al. (Gattinoni et al., 2009b ), but at the highest concentration (7µM) CD62L regulation was negatively affected (Fig. 2B ). CD62L expression can be regulated by gene expression or shedding (Kusaba et al., 2005; Smalley and Ley, 2005; Wang et al., 2011; Wang et al., 2010) . q-PCR was performed to confirm CD62L expression on the mRNA level. Wnt signaling increased transcription of CD62L by about 60% compared to the control (Fig. 2C ). This suggests that wnt signaling controls CD62L surface expression at the transcription level. However, we could not exclude the possibllity that a reduction in CD62L shedding may have contributed to the observed increase in CD62L expression.
T-bet expression is repressed by wnt signaling
T-bet is a critical transcription factor responsible for the differentiation of Th1 and IFN production (Intlekofer et al., 2005; Szabo et al., 2000; Szabo et al., 2002) . The balance of Tbet and eomes expression has implications for memory differentiation (Rao et al., 2010; Takemoto et al., 2006) . To corroborate this in the presence of wnt signaling on CTLs, sorted OT1 cells were stimulated with 3SI in the presence or absence of TWS119 for 3 days. The expression of T-bet was inhibited by wnt signaling (Fig. 3A) , which is consistent with the reduced production of IFN ( Fig. 2A ), but expression of eomes was enhanced (Fig. 3A) . These results are consistent with the inverse regulation of T-bet and eomes by IL-12 (Rao et al., 2010; Takemoto et al., 2006) . In the canonical wnt signaling pathway, phosphorylation of -catenin and thus its eventual degradation, is induced by GSK3. The protein expression of -catenin was only marginally increased by TWS119 (Fig. 3B) , suggesting that GSK3 may work through other pathways to affect CTL activation (Driessens et al., 2010; Gattinoni et al., 2009b) . Two transcription factors that bind to -catenin to form a transcriptional complex, LEF-1 and TCF1, were also marginally up regulated by wnt activation (Fig. 3B) . Therefore, wnt signal activation inhibits T-bet, but increases eomes expression during IL-12-driven CTL activation, possibly through pathways other than the canonical wnt pathway.
CTL memory programming is abolished by wnt signaling
The inhibition of T-bet and enhanced expression of eomes would suggest that the memory programming of CTLs and CD62L expression should be increased by wnt signaling, similar to mTOR inhibition by rapamycin Rao et al., 2010; Takemoto et al., 2006) . OT-1 cells were stimulated in the presence of IL-12 with or without GSK3 inhibitor TWS119, harvested after 3 days, and transferred into recipients. Surprisingly, 5 days after transfer, OT-1 cells in peripheral blood were reduced in a dose-dependent manner, dropping significantly at 0.1 µM TWS119 and undetectable at 0.5 µM TWS119 or higher (Fig. 4A) . The same results occurred at day 40 after transfer. Memory OT-1 cells were undetectable in the spleens of transferred recipients at high concentration of TWS119 (Fig. 4B) . The disappearance of memory CTLs at 2.5 µM TWS119 was similarly reflected in other tissues (data not shown). In addition, wnt signaling further reduced the barely detectable memory CTLs from 2SI to completely undetectable levels ( Figure S1 ). To confirm the protection ability, recipients were challenged with LM-OVA Xiao et al., 2009 ). The extent of protection was associated with the number of memory CTLs in spleens-when memory CTLs were undetectable (2.5 µM), the protection was similar to the negative control (Fig. 4C) . When CTLs were stimulated with TWS119 at 0.1 µM in vitro, the resultant memory CTLs after transfer had a typical central memory phenotype CD62Lhi/ CD127hi/KLRG1lo (Fig. 4D and data not shown) . The production of IFN in these memory CTLs was the same as the controls (Fig. 4D) . In fact, CD62L expression on memory CTLs was significantly higher in TWS119 (0.1µM) group than the control (Fig. 4D) . Therefore, wnt signaling quantitatively impairs memory programming. In addition, wnt signaling was also detrimental when another third signal cytokine type I IFN ( Figure S2 ) was used instead of IL-12, suggesting that its negative effect on memory CTL programming may not be limited to IL-12.
Wnt signaling inhibits mTOR pathway
Wnt signal activation has been shown to induce mTOR activation through GSK3 and TSC2 in embryonic fibroblasts, osteoblasts and bone marrow cells (Inoki et al., 2006) . mTOR inhibition by rapamycin significantly enhances memory programming by IL-12 Rao et al., 2010) . Thus, it would make sense that wnt signaling activated mTOR in CTLs, impairing memory CTL programming (Fig. 4) . To investigate this possibility, sorted naïve OT-1 cells were stimulated with 3SI, in the presence or absence of 2.5 µM TWS119. In contrast to our expectation, mTOR activation was inhibited by wnt signaling after stimulation (Fig. 5) , as the activation of the major downstream signaling molecules, factor 4E binding protein 1 (4EBP1) and p70 Ribosomal Protein S6 Kinase (p70S6K), was suppressed simultaneously (Fig. 5) . Consistent with this, a downstream substrate of S6K, S6 ribosomal protein was repressed by wnt activation (Fig. 5) . Although the inhibitory effects were similar to the effects of rapamycin Rao et al., 2010) , wnt signaling resulted in the abolishment of memory programming (Fig. 4B -C) . The opposite effects of rapamycin compared to wnt signaling may suggest that inhibition of mTOR is not necessary to enhance memory CTL programming, and rapamycin and wnt signaling may regulate CTL programming through different mechanisms, which are yet to be identified.
Inhibition of mTOR by rapamycin partially rescues impaired memory programming by wnt signaling
Since mTOR inhibition by rapamycin significantly enhances memory programming by IL-12 Rao et al., 2010) , we hypothesized that the presence of rapamycin would rescue memory CTLs from the negative effects of wnt signaling. Sorted OT-1 cells were cultured with 3SI together with 2.5µM TWS119, in the presence or absence of rapamycin at 250 g/ml as we recently reported . Three days after stimulation, OT-1 cells were harvested for analysis and transfer. As reported before, rapamycin slightly enhanced eomes expression (Rao et al., 2010) , while the combination of rapamycin and wnt signaling did not change eomes expression compared to wnt signaling anlone (Fig. 6A) . Surprisingly, although rapamycin and wnt signaling individually inhibited phosphorylation of mTOR downstream molecules, the application of both led to increased activation of 4EBP1 and p70S6k back to the level observed in the 3SI control (Fig. 6A ). This suggests that the interactions between mTOR and wnt may be more complex than we thought. CD62L expression in CTLs treated by both rapamycin and TWS119 was similar to CTLs treated with rapamycin alone (Fig. 6A) . All of these data indicate that the synergistic effects of wnt and rapamycin are different from the effects of each individually. In vitro activated OT1 cells were also transferred into naïve B6 mice for memory formation. 40 days after transfer, memory OT1 in spleens were examined. As a control, rapamycin enhanced memory programming by about 3-fold (Fig. 6B) , consistent with our previous report . Addition of TWS119 abolished memory programming (Fig. 6B), similar to Fig.  4B . Interestingly, rapamycin partially recovered the impaired memory programming caused by wnt signaling to half of the 3SI control and far less than the rapamycin plus 3SI (Fig.  6B) . The partially rescued memory CTLs were of central memory phenotype CD62L hi / CD127 hi , with slightly higher expression of CD62L (Fig. 6C ) but similar production of IFN compared to control and rapamycin alone (Fig. 6D) . These results further support the notion that different molecular mechanisms are employed by rapamycin and wnt to inhibit the mTOR signaling pathway.
Inhibition of wnt signaling does not affect CTL memory programming
To further investigate the involvement of wnt signaling in CTL activation and memory programming, we used ICG-100, a small molecule that inhibits beta-catenin/T cell factor signaling by specifically binding to transcription factor CREB (Emami et al., 2004) . ICG-100 was tested at a range of concentrations using the same system as in Figures 1 and  2 . At 10 µM, ICG-100 became toxic, which was demonstrated by decreased viability (Fig.  7A ) and down regulation of CD25, IFN and GZB. ICG-100 started to affect CTL expansion at 2 and 5 µM (Fig. 7A) , but most surface markers and IFN and GZB production were not affected. In order to avoid potential toxicity, we chose 2 µM in wnt signal inhibition. OT-1 cells were stimulated with 3SI in the presence or absence of ICG-100 at 2 µM. Activated CTLs were harvested 3 days after stimulation, and transferred into recipient mice. There was no difference in the memory generation until 60 days after the transfer (Fig.  7C and data not shown). In addition, there was no significant difference in the expression of CD62L and KLRG1 (Fig. 7D) . Therefore, wnt signal is not required during the CTL activation.
DISCUSSION
Wnt signaling has been shown to be critical in the formation of memory CTLs (Jeannet et al., 2010a; Yu et al., 2010; Zhao et al., 2010; Zhou et al., 2010) , which is also involved in the regulation of CD4 helper T cells, regulatory T cells and B cells (Ding et al., 2008; Reya et al., 2000; Yu et al., 2010; Zhao et al., 2010) . We found that the activation of wnt signaling during CTL activation impaired effector function, and abolished memory CTL programming by IL-12. Although this is unexpected, it is not necessarily contradictory to previous publications (Gattinoni et al., 2009b; Jeannet et al., 2010b; Zhao et al., 2010; Zhou et al., 2010) . When the wnt signal molecules are constitutively expressed, wnt signaling cannot be turned off (Driessens et al., 2011; Zhao et al., 2010) . In our system, however, wnt signaling was activated for a short period of time. Our data did not disprove the function or requirement of wnt signal under physiological conditions. Instead, our results suggest that activation of wnt signaling during the window of CTL activation may not be beneficial for memory programming. Activation of CTLs only lasts for short period of time, and for most of the time CTLs are quiet. Since wnt signaling can be activated in quiet CTLs, it would be interesting to see if this could lead to a functional difference. Therefore, continuous wnt signaling may not be essential for memory CTL generation but may be required during certain phases of CTL development. Conditional knockouts could be used to elucidate the exact time window when wnt signaling is beneficial. Above all, caution must be taken when manipulating the wnt signal during vaccination.
Wnt signal activation has been associated with several kinds of cancer, such as colorectal cancers (Burgess et al., 2011; Chen et al., 2009; Huang et al., 2009; King et al., 2011; Najdi et al., 2011; Song et al., 2011) . The observation is based on the accumulation of -catenin in nuclei, which causes high activation of wnt signaling. Although a small number of these cancer cases are due to the mutation of -catenin or APC loci (Najdi et al., 2011; Schmidt et al., 2009 ), many of them are attributed to the generation of wnt ligands and regulation of wnt receptors (King et al., 2011; Schmidt et al., 2009 ). These regulatory factors should be equally available for CD8 T cells, which are the critical controllers for malignant cells, and the secreted wnt ligands will activate wnt signaling in the tumor-specific CTLs. However, tumors induce immune suppressive environments which impair CTL activation. Thus, the presence of secreted wnt ligands could further inhibit tumor-specific CTLs, facilitating tumor progression. One strategy to control wnt activation would be inhibition of mTOR using rapamycin, which was shown partially reversed the negative effects of wnt signaling on memory CTL programming. Rapamycin is used in cancer therapy due to its ability to suppress tumor growth. More encouragingly, wnt signaling inhibitors have been extensively investigated in tumor therapy. Inhibiting both mTOR and wnt signaling in tumor patients may offer an effective strategy for tumor control targeting enhanced CTL activation.
Although wnt signaling inhibited mTOR and down-regulated 4EBP1 and p70S6K and S6 (Fig. 5) , the addition of rapamycin enhanced the activation of 4EBP1 and p70S6k (Fig. 6A) . These data suggest that wnt may suppress mTOR through pathways other than the canonical wnt pathway involving TSC2 and GSK3 (Inoki et al., 2006) . Rapamycin partially reversed impaired memory CTL programming by wnt signaling, suggesting that rapamycin and wnt can affect memory programming through other pathways than mTOR. Akt is involved in wnt signaling by inhibiting GSK3 activity in different cell types (Anderson and Wong, 2010; Fukumoto et al., 2001; Lee et al., 2010; Naito et al., 2005) . In this report, inhibition of GSK3 caused down regulation of Akt, suggesting that GSK3 may positively regulate Akt in CTLs. This seems to be a negative feedback loop, but more studies are needed.
The balance of T-bet and eomes expression is associated with memory differentiation (Intlekofer et al., 2005) . T-bet and eomes are inversely regulated by IL-12 (Takemoto et al., 2006) . Enhanced memory programming by inhibition of mTOR is associated with increased eomes expression, but decreased T-bet expression (Rao et al., 2010) . Interestingly, enforced expression of eomes partially restored defective memory caused by TCF1 deficiency , further confirming the critical role of eomes in memory CTL generation (D'Cruz et al., 2009; Intlekofer et al., 2005) . Wnt activation during CTL activation did increase eomes expression (Fig. 3A) , consistent with a recent report that wnt signal molecule TCF-1 binds to the eomes promoter region leads to its expression . Wnt reduced T-bet expression (Fig. 3A) , skewing the balance to eomes >T-bet (Rao et al., 2010) . Although rapamycin also skewed the balance to eomes, it did not abolish memory programming by IL-12. Thus, the overall effect of rapamycin was the opposite of wnt activation which abolished the memory programming by IL-12 (Fig. 4B ). There are two possibilities for this discrepancy. The ratio of eomes to T-bet may need to occur for longer than the 3-day window in our study or be present at a certain stage of activation and programming. Nevertheless, the balance of eomes to T-bet may not be an accurate indicator for memory differentiation (Rao et al., 2010; Takemoto et al., 2006) . Lastly, the negative effects of wnt signaling on memory CTL programming have consequences for survival, as the activated CTLs disappeared shortly after transfer (day 5). This is similar to CTLs activated with only 2SI (Xiao et al., 2009) . While the molecular mechanisms remain unclear, we found no obvious evidence of differential expression of PD1 and Annexin V binding (Fig. 2B) . Annexin V binds to phosphatidylserine (PS) on the outside of the cell membrane. PS is unusually localized along the cytosolic side of plasma membrane through flippasemediated inward-directed PS transportation (Devaux, 1992) . Apoptotic cells lose their asymmetric PS distribution in the lipid bilayer, so PS can translocate to the extracellular side of plasma membrane, which can be detected by Annexin V binding (Zhou, 2007) . However, the activation of human CTLs by antigens induces the exposure of PS on the cell surface by inhibiting the flippase-mediated transportation (Fischer et al., 2006) . In addition, P53-induced Annexin V positive cells can be rescued (Geske et al., 2001 ) possibly through regulation of mRNA decay (Melanson et al., 2011) . Although future research is warranted, we believe that the strong Annexin V staining for activated CTLs is not directly related to apoptosis. In summary, activation of wnt signaling inhibits CTL activation and memory CTL programming by IL-12, which could be one of the potential mechanisms for tumor evasion of CTL immunity. Targeting wnt signaling in cancer patients may be beneficial for the improvement of cancer-specific CTLs in addition to direct tumor control (Burgess et al., 2011; Chen et al., 2009; Song et al., 2011) . Furthermore, activation of wnt signaling may be an alternative approach for manipulation of detrimental autoimmune CTLs such as in type I diabetes (Tsai et al., 2010; Wong et al., 2009; Zaccone and Cooke, 2010) .
CONCLUSIONS
Wnt signaling impairs IL-12-driven CTL activation and memory programming, which leads to abolishment of memory CTLs. This may be related to down regulation of T-bet and mTOR pathway. This knowledge may have important implications for CTL manipulation in autoimmune diseases and immune therapy for certain cancers.
Highlights
• Wnt signaling inhibits CTL activation and memory programming.
• Wnt signaling down regulates T-bet expression.
• Impaired memory CTL programming by wnt can be partially rescued by mTOR inhibitor rapamycin. Transcriptional regulation of CD62L by TWS119. OT1 cells were stimulated for 3 days under 3 SI in the presence or absence of TWS119 at 2.5 µM, and then were harvested for real-time PCR examination. CD62L and housekeeping gene GAPDH were analyzed in triplicate in real-time RT-PCR assays. Relative mRNA amounts were normalized with respect to expression levels in Naïve OT1 control (fold change=1). The results are expressed as mean + SD of three independent experiments. Asterisks indicate statistical significance. *, Asterisks indicate statistical significance. *, P < 0.05; **, P < 0.01; ***, P < 0.001. NS: not significant.
